Insufficient or excessive myocyte autophagy is associated with left ventricular (LV) hypertrophy.
INTRODUCTION
Myocyte autophagy occurs in the normal heart and plays an important role in maintaining myocardial structure and function (Nakai et al., 2007) . Insufficient and excessive levels of autophagy contribute to myocardial remodelling and dysfunction (Lavandero, Chiong, Rothermel, & Hill, 2015) . For instance, myocyte autophagy is decreased in diabetes and ageing (Ceylan-Isik et al., 2013; Guo et al., 2015) . Myocyte autophagy is decreased in pressure overloadinduced cardiac hypertrophy (Li, Chi, Qin, & Guo, 2016) and increased in heart failure after severe pressure overload (Zhu et al., 2007) . The alterations in myocyte autophagy after pressure overload are associated with increased myocardial oxidative stress (Li et al., 2016) . A number of studies have shown that large doses of hydrogen peroxide (H 2 O 2 ; 100-1000 mol l −1 ) cause increases in myocyte autophagy and myocyte apoptosis (Essick et al., 2013; Ha, Noh, Shin, Hahm, & Kim, 2012) . Low doses of H 2 O 2 (10-30 mol l −1 ) induce myocyte hypertrophy (Song et al., 2015) , but the effects of low doses of H 2 O 2 (10-50 mol l −1 ) on myocyte autophagy, the relationship between the alterations of myocyte autophagy and myocyte hypertrophy and the underlying mechanisms remain to be elucidated fully.
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New Findings
• What is the central question of this study?
Does oxidative stress induce impairment of autophagy that results in myocyte hypertrophy early after pressure overload?
• What is the main finding and its importance?
In cultured myocytes, hydrogen peroxide decreased autophagy and increased hypertrophy, and inhibition of autophagy enhanced myocyte hypertrophy. In rats with early myocardial hypertrophy after pressure overload, myocyte autophagy was progressively decreased. The antioxidant N-acetyl-cysteine or the superoxide dismutase mimic tempol prevented the decrease of myocyte autophagy and attenuated myocyte hypertrophy early after pressure overload. These findings suggest that oxidative stress impairs myocyte autophagy that results in myocyte hypertrophy.
In this study, we hypothesized that oxidative stress induces an impairment in autophagy that results in myocyte hypertrophy. To test the hypothesis, we first observed the effects of H 2 O 2 on myocyte autophagy and then examined the effects of inhibition of autophagy on myocyte hypertrophy induced by H 2 O 2 . Studies have demonstrated that H 2 O 2 mediates myocyte hypertrophy in pressure overload-induced cardiac hypertrophy (Dai et al., 2012) .
We have shown recently that myocyte autophagy was reduced in the stage of cardiac hypertrophy produced by pressure overload in mice and that reduced myocyte autophagy was associated with increased myocardial oxidative stress (Li et al., 2016) . Others have also shown that myocyte autophagy is reduced in pressure overloadinduced cardiac hypertrophy in rats (Liu et al., 2015a) . In the present study, we also investigated the temporal alterations of myocyte autophagy in rats early after pressure overload induced by abdominal aortic constriction (AAC) and the effects of the antioxidant N-acetylcysteine (NAC) or the superoxide dismutase mimic tempol. We performed echocardiographic and haemodynamic measurements of cardiac structure and function. We measured myocardial expression of 8-hydroxy-2 ′ -deoxyguanosine (8-OHdG), a marker of oxidative stress, the ratio of microtubule-associated protein light chain 3 (LC3) II to LC3 I proteins, a marker of autophagy, and the expression of the autophagyrelated proteins P62, Beclin1, Atg5 and Atg12, and extracellular signalregulated kinase (ERK), a regulator of cardiac hypertrophy.
METHODS

Ethical approval
The protocol for the care and use of all animals in this study was approved by the Shanxi Medical University Committee on Animal at 37 • C, as described in our previous study (Li et al., 2016 
Animal surgery and experimental protocols
Male Sprague-Dawley rats weighing 180-200 g were obtained from the Academy of Military Medical Sciences (Beijing, China). All animals had access to standard laboratory diet and drinking water. The rat model of abdominal aortic constriction was used in this study. Briefly, animals were anaesthetized with pentobarbital sodium (40 mg kg −1 , I.P.). The level of anaesthesia was assessed by loss of pedal reflex (toe pinch). We also used two fingers and gave the toe/foot a good squeeze. If there was no withdrawal reaction, the animal was judged deep enough to commence surgery. The abdomen was opened by a mid-line incision. The abdominal aorta was surgically dissected from the inferior vena cava at a site slightly above the renal arteries. A 21-gauge blunt needle was then placed along the side of the isolated aorta segment. Thereafter, a 4-0 silk suture was tightly tied around the aorta and the overlying needle. The needle was then removed promptly after ligation, thus producing aortic constriction (Sindhu, Roberts, Ehdaie, Zhan, & Vaziri, 2005 Sigma-Aldrich) or placebo treatment for 72 h. The dosage for NAC or tempol used in this study was based on the previous studies (Grieve et al., 2006; Rahman et al., 2014) . The echocardiographic data were analysed in a blinded manner. 
Echocardiographic measurements
Haemodynamic measurements
Method of killing and sample preparation
After haemodynamic measurements, the animals were killed by intraperitoneal injection of pentobarbital (150 mg kg −1 , I.P.). Lack of electrical activity of the heart as determined by ECG was used to confirm death. The chest was opened, and the heart, lungs and liver were removed and weighed. The LV with septum was weighed and sliced. A mid-cavity slice of the LV sample was fixed in 10% buffered formalin, embedded and sectioned. The rest of the LV samples were stored in liquid nitrogen for studies. and stained with 3-amino-9-ethylcarbazole (Vector Laboratories) and
Immunohistochemical staining for 8-OHdG
Haematoxylin. As a negative control, the primary antibody was omitted. The samples were examined under a light microscope.
Western blot
H9C2 cardiomyocytes were incubated in a lysis buffer ( The cells were stained with Hoechst 33258 to visualize nuclei. The samples were examined under a fluorescence microscope (Zeiss Axio).
The quantification of myocyte surface area was determined using ImageJ 1.48 software (US National Institutes of Health, Bethesda, MD, USA). Four random photographs were taken from each dish, and ≥15 individual cell surface area measurements were made from each photograph.
Measurements for myocyte size
For measurement of myocyte size, the LV tissue sections were stained with Haematoxylin and Eosin and the slides examined under a light microscope (AX 10; Zeiss). Five random fields from each of the four non-serial tissue sections per animal were analysed so that 60 myocytes per animal were measured. Myocytes with nuclei in the middle or near the middle were selected for the analysis. Quantification of myocyte diameter was done using NIH ImageJ software as described previously (Li et al., 2016) .
Statistical analysis
The data were analysed with GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Results are presented as means ± SD.
Student's unpaired t test (for myocyte surface area) was used to determine the statistical significance of differences between the two means. The statistical significance of differences among groups was determined using ANOVA and the Bonferroni correction for multiple comparisons. A difference of P < 0.05 was considered significant. (Matsui et al., 2007) . Accumulation of P62 indicates impaired autophagic flux.
RESULTS
Effects of H 2 O 2 on myocyte autophagy
Effects of H 2 O 2 on myocyte surface area and ERK activity
Hydrogen peroxide has been shown to mediate myocyte hypertrophy (Song et al., 2015) . Our results confirmed that H 2 O 2 at a concentration of 10 or 50 M increased myocyte surface area (Figure 2a,b) . Increased ERK activity contributes to myocyte hypertrophy (Chiu, Wang, Chung, & Shyu, 2010) . Hydrogen peroxide at a concentration of 10 or 50 M had no effects on total protein expression of ERK, but increased the phosphorylated protein expression of ERK and the ratio of phosphorylated ERK to ERK (Figure 2c,d) , suggesting an increase in ERK activity. Histological data showed that myocyte size assessed by myocyte diameter was increased at 72 h after AAC compared with the sham group, and the antioxidant NAC or tempol prevented the increase (Figure 9a,b) . Furthermore, increased protein expression of BNP, a marker of hypertrophy, was prevented by the treatment with NAC or tempol (Figure 9c,d ). These findings suggest that oxidative stress mediates a reduction in myocyte autophagy that results in myocardial hypertrophy early after pressure overload.
Effects of inhibition of autophagy on
DISCUSSION
In the present study, our main findings were as follows: (i) in cultured 
Insufficient and excessive myocyte autophagy and myocyte hypertrophy
Studies from Otsu's group have shown that cardiac-specific deficiency of Atg5 (autophagy-related 5), a protein required for autophagy, leads to cardiac hypertrophy, left ventricular dilatation and contractile dysfunction, indicating that myocyte autophagy in baseline conditions is a homeostatic mechanism for maintaining cardiomyocyte size and global cardiac structure and function (Nakai et al., 2007) . In the present study, we have shown that myocyte autophagy was reduced 24, 48 and 72 h after pressure overload induced by AAC in rats, suggesting that reduced myocyte autophagy occurs in early cardiac hypertrophy. The results are consistent with our recent study showing that myocyte autophagy is reduced in the stage of cardiac hypertrophy after pressure overload in mice (Li et al., 2016) . In accordance with our findings, other studies have shown that myocyte autophagy is decreased in streptozotocin-induced diabetes in mice, which is characterized by cardiac hypertrophy (Guo et al., 2015) . Myocyte autophagy is also decreased in ageing-associated cardiac hypertrophy in mice (Ceylan-Isik et al., 2013) . In cardiac myocytes in vitro, endothelin-1 triggers a decrease in autophagy and increases hypertrophic markers (Ceylan-Isik et al., 2013) . Autophagy is decreased in cultured myocytes during hypoxia-reoxygenation injury (Zhao et al., 2013) . Isoprenaline, which has been shown to induce myocyte hypertrophy, also induces decreased autophagy in cultured myocytes (Liu et al., 2015a) .
These findings suggest that insufficient myocyte autophagy causes myocyte hypertrophy. In contrast, studies have also demonstrated that increased autophagy mediates myocyte hypertrophy (Zhu et al., 2007) and myocyte apoptosis (Nishida, Yamaguchi, & Otsu, 2008) . The mechanisms of alterations in autophagy in early myocardial hypertrophy that is associated with increased myocardial oxidative stress remain to be elucidated fully.
Reactive oxygen species and myocyte autophagy and hypertrophy
Previous studies have shown that high concentrations of H 2 O 2 (100-1000 M) increase myocyte autophagy, which is associated with myocyte apoptosis (Essick et al., 2013; Ha et al., 2012) . Our recent study has shown that a low concentration of H 2 O 2 (10 M) decreased myocyte autophagy (Li et al., 2016) . In the present study, we confirmed that H 2 O 2 (10-50 M) decreased myocyte autophagy. We also found that the autophagy inhibitor 3-MA enhanced H 2 O 2 -mediated ERK activity, suggesting that decreased autophagy mediates H 2 O 2 -induced myocyte hypertrophy. Hydrogen peroxide has been shown to induce myocyte hypertrophy (Song et al., 2015) . The present study provides new evidence that H 2 O 2 mediates a reduction in myocyte autophagy that results in myocyte hypertrophy.
We have shown recently that myocyte autophagy is decreased in the stage of cardiac hypertrophy in mice 1 week after pressure overload induced by aortic constriction (Li et al., 2016) . Others have also shown that myocyte autophagy was reduced in cardiac hypertrophy in rats 2 weeks after pressure overload induced by aortic constriction (Liu et al., 2015a) . In the present study, we have investigated the alterations in myocyte autophagy in rats at early time points indicating early myocardial hypertrophy. We also found that the ratio of LC3 II to LC3 I protein, a marker of autophagy, was reduced at 24, 48 and 72 h after AAC in rats. Expression of the autophagy-related proteins Beclin1, Atg5 and Atg12 was decreased early after AAC in rats. P62 protein expression was increased early after AAC, indicating impaired autophagic flux. These findings confirmed that reduced myocyte autophagy occurred in early myocardial hypertrophy. These results are consistent with a previous report showing that autophagy is downregulated at 5, 7 and 14 days after pressure overload in mice, suggesting that autophagy plays a protective role in the heart during pressure overload (Shirakabe et al., 2016) . Studies have shown that cardiac hypertrophy is associated with increased myocardial oxidative stress in rats 3 days after aortic constriction (Kai et al., 2006) . In the present study, we confirmed that myocardial oxidative stress assessed by 8-OHdG was increased in rats 72 h after pressure overload induced by AAC. We also found that the antioxidant NAC and the superoxide dismutase mimic tempol prevented the increase in myocardial expression of 8-OHdG, the decreases in Beclin1 and Atg5 protein expression and myocyte autophagy, the increase in BNP protein expression and myocardial hypertrophy early after pressure overload in rats. These findings suggest that oxidative stress mediates the reduction of Beclin1 and Atg5 protein expression that results in the inhibition of autophagy in early myocardial hypertrophy and that antioxidants prevent these alterations. The notion is supported by other reports demonstrating that doxorubicin, which has been shown to induce oxidative stress, inhibits basal myocyte autophagy in cardiac toxicity (Pizarro et al., 2016) . Beclin1 was decreased in the ageing heart, which was associated with oxidative stress and myocyte hypertrophy (Ceylan-Isik et al., 2013) . Cardiac-specific deficiency of Atg5, a protein required for autophagy, leads to cardiac hypertrophy in adult mice (Nakai et al., 2007) . and heart failure (Liu et al., 2015b; Zhu et al., 2007) . Maladaptive autophagy is implicated in pressure overload-induced cardiomyopathy, and inhibition of myocyte autophagy protects against pressure overloadinduced cardiomyopathy (Marino et al., 2014; Wang et al., 2015) . These findings suggest the dual effects of autophagy in myocardial hypertrophy (Li & Cai, 2015) . The potential mechanism of distinct alterations in myocyte autophagy during myocardial hypertrophy remains unclear, but it might be related to the degree of myocardial hypertrophy, the phase of the disease and the signalling pathways. Further studies are warranted to investigate the mechanism of H 2 O 2 -mediated alterations in autophagy in cultured myocytes and the role of oxidative stress in myocyte autophagy in heart failure after pressure overload using antioxidant treatment.
Summary
Oxidative stress decreases Beclin1 and Atg5 protein expression that results in myocyte autophagy impairment, leading to myocardial hypertrophy. These findings suggest that antioxidants or restoration of autophagy might be of value in the prevention of early myocardial hypertrophy after pressure overload.
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